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lesions, basal ganglia infarctions, lacunes) and normal
CT; and (3) the attributes of plaques (ultrasonic tissue
characteristics, degree of stenosis). The identification of
these associations may cast a light on the pathogenesis
of the cerebrovascular symptomatology and ischemic
CT findings.
MATERIALS AND METHODS
Patients and study design
Eighty carotid atherosclerotic plaques (59 patients; 36
men and 23 women; mean age, 69.11 years; age range,
49-85 years), producing stenosis in the range of 50% to
99% on duplex scanning and associated with an asympto-
matic status (n = 54 [67.5%]), amaurosis fugax (AF) (n =
9 [11.3%]), hemispheric transient ischemic attack (HTIA)
(n = 11 [13.8%]), and stroke (n = 6 [7.5%]) on the ipsi-
lateral (to the plaque) retinal or hemispheric side, were
studied. In the case of a carotid endarterectomy, the study
was performed preoperatively. Each plaque with its ipsilat-
eral hemisphere was treated as an independent case (unit
of the study) and defined the side of interest on each
patient. Twenty-one patients had bilateral and 38 patients
had unilateral carotid atheromata that were analyzed.
Patients were recruited during their duplex scanning
in our vascular laboratory and were referred from medical,
neurologic, and vascular surgical clinics. The reason for
referral was the investigation of the carotid arteries in the
presence of either neurovascular symptoms (symptomatic
In 1988, the National Institute of Neurological and
Communicative Disorders and Stroke Data Bank demon-
strated that 10% of strokes can be ascribed to carotid ath-
erosclerotic disease, possibly through an embolic and
hemodynamic mechanism.1 The assignment of this mech-
anism, however, was rather speculative because of an
absence of verification.
Later, other investigators for the first time succeeded
in demonstrating emboli by means of transcranial Doppler
(TCD) , both in an in vitro2 and an in vivo model3 and
also during carotid endarterectomy.4,5 This enabled the
study of the embolic mechanism of stroke.
The aim of this cross-sectional study of carotid
plaques was to determine the associations of emboli
detected by means of TCD with: (1) cerebrovascular
symptoms; (2) brain computed tomography (CT)
infarction patterns (pattern A: discrete subcortical and
cortical; pattern B: hemodynamic, diffuse white matter
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Purpose: This study identified in patients with carotid plaques the associations of emboli detected by means of tran-
scranial Doppler (TCD) with cerebrovascular symptoms, brain computed tomography (CT) infarction patterns, and the
attributes of plaques (echodensity, degree of stenosis).
Methods: Eighty carotid plaques (in 59 patients), producing 50% to 99% stenosis, were imaged on duplex scanning and
analyzed echomorphologically in a computer with the gray scale median (GSM). The GSM facilitated the quantitative
distinction of dark (low GSM) from bright (high GSM) plaques. Stenosis was assessed with duplex scanning. Emboli
were counted on TCD in the ipsilateral middle cerebral artery for half an hour. The brain CT infarction patterns (pat-
tern A: discrete subcortical and cortical; pattern B: hemodynamic, diffuse white matter lesions, basal ganglia infarc-
tions, lacunes) and normal CT and cerebrovascular symptoms on the ipsilateral hemisphere were noted.
Results: Emboli were more frequent in symptomatic (median count, 3) than asymptomatic (median count, 0) hemi-
spheres (Mann-Whitney U test, P = .031) and in hemispheres with pattern A infarction (median count, 3.5) than in
hemispheres with pattern B infarction or normal CT (median count, 0; Kruskal-Wallis test, P = .047). The increased
embolic count was associated with decreased GSM (Spearman correlation, P = .045, r = –0.22), but not with high
degrees of stenosis (Spearman correlation, P = .44, r = 0.086).
Conclusion: Emboli were more frequent in symptomatic than asymptomatic hemispheres and in CT pattern A harboring
hemispheres than in CT pattern B or normal hemispheres. They were more frequent in the presence of low-plaque
echodensity, but not in the presence of a high degree of stenosis. These data support the embolic nature of cerebrovas-
cular symptomatology and CT pattern A infarctions. (J Vasc Surg 2001;33:131-8.)
patients) or carotid bruits and no symptoms (asympto-
matic patients). The ultrasonic tissue characteristics and
degree of stenosis of the carotid plaques under study were
evaluated on presentation.
The assignment of symptoms was performed by a neu-
rologist who was unaware of the previous clinical reports
and duplex findings and was carried out in accordance to
the recommendations of the Committee for the Class-
ification of Cerebrovascular Disease III.6 Because of the
inverse relationship of emboli with the time from the clini-
cal event,7-12 only neurovascular symptoms occurring
within 3 months from recruitment on the side of interest 
(> 50% stenosis) were noted. Patients with symptoms on the
appropriate side before the third month from recruitment
were excluded. In the final analysis, the symptoms on the
sides with less than 50% stenosis and in the vertebrobasilar
system were of no interest. Exclusion of plaques with less
than 50% stenosis was based on the fact that it is more prob-
able for a symptom to be ascribed to a stenosis more than
50% than less than 50%, as suggested by the North
American Symptomatic Carotid Endarterectomy Trial col-
laborators.13 Patients with cardioembolic conditions (atrial
fibrillation, aortic, or mitral valve pathologies, recent [less
than 6 weeks from the neurovascular event] myocardial
infarction, prosthetic cardiac valves, and heart failure) were
excluded by a cardiologist on clinical and electrocardio-
graphic grounds. In addition, patients with lacunar sympto-
matology and cerebral hemorrhage, diagnosed on clinical
and CT grounds, were excluded by a neurologist.
These conditions (more than 50% carotid stenosis,
exclusion of cardioembolism, lacunar symptomatology,
and cerebral hemorrhage) ensured the implication of
carotid atheroma, within reason, as the only cause in the
pathogenesis of the neurovascular pathology.
All patients underwent a brain CT  on recruitment. All
ischemic and hemorrhagic infarctions on the side of inter-
est were noted. TCD  was performed on recruitment in the
ipsilateral (to the plaque) middle cerebral artery (MCA) for
half an hour, and the number of emboli was counted.
Ultrasonographic evaluation: the grading of internal
carotid artery stenosis
The severity of carotid stenosis was assessed on duplex
scanning on recruitment, with an ATL HDI 3000 scanner
(Advanced Technology Laboratories, Bothell, Wash). This
entailed hemodynamic evaluation of the index stenotic ves-
sel based on known criteria: for more than 50% stenosis,14
more than 60% stenosis,15 more than 70% stenosis,16 more
than 75% stenosis,17 more than 80% stenosis,18 more than
90% stenosis,19 more than 95% stenosis,16 and for occlu-
sion.20 The hemodynamic parameters that were taken into
account were the peak systolic velocity of the internal and
common carotid artery, the end diastolic velocity of the
internal and common carotid artery, and the ratios of the
peak systolic velocity of the internal to that of the common
and the peak systolic velocity of the internal to the end
diastolic velocity of the common. All the velocity cutoff
points were related to angiographic evaluation of stenosis
based on the criteria used in the North American
Symptomatic Carotid Endarterectomy Trial.21,22 A single
stenosis value was assigned to each index vessel represent-
ing a cutoff point, taking into account all the proposed
hemodynamic criteria. This evaluation was performed by
one experienced operator (T.J.T.) who was unaware of the
clinical profile of the patients at the time of the scanning
and was fully familiar with the protocol of the grading of
carotid stenosis. This ensured the uniformity and the unbi-
ased approach in the analysis.
Ultrasonic tissue characteristics of carotid plaques
The plaques were scanned on an ATL HDI 3000 ultra-
sonic device (Advanced Technology Laboratories, Bothell,
Wash) in longitudinal, anterolateral projection. The scan-
ning settings are described elsewhere.23 The appropriate
frames were captured through an S-video signal to a com-
puter (Dell Dimension XPS P90), in which they were digi-
tized. The capturing device that has been used was a Screen
Machine II version 1.1 (Fast Multimedia AG). The captur-
ing settings remained fixed during this process. All B-mode
images were digitized in a computer in a GIF format.
Subsequently, all images were normalized with two
echo anatomic reference points: the gray scale median
(GSM) of the blood and the GSM of the adventitia in the
commercially available and user friendly Adobe Photoshop
computer program23 (version 3, Adobe Systems). The
GSM was a feature of the First Order Statistics24 and repre-
sented the median of the frequency distribution of gray
tones of the pixels included in the region of interest (median
echolevel, GSM of the region, GSM) in a scale of 256 gray
tones (0, darkest tone, to 255, brightest tone). This feature
has been used as an index to describe the overall brightness
of the region of interest. Dark (hypoechoic) regions were
associated with a GSM that tended to approach 0, whereas
bright (hyperechoic) regions were associated with a GSM
that tended to approach 255 (Figs 1 and 2).
Normalization was a gray scale transformation with
linear scaling in a range of grey tones from 0 to 255. This
process modified all images in such a way that in the resul-
tant, normalized images, the GSM of the blood was in the
range of 0 to 5 tones and the GSM of the adventitia was
in the range of 180 to 200 tones.23 The excellent interob-
server variability of this method and the overall echo-
process was demonstrated by means of previous studies
performed in our laboratory.23
The aim of normalization was to enable the compari-
son of the echomorphologic characteristics of all digital
carotid plaque images. This was achieved by eliminating
the operator-dependent, ultrasonic gain-induced variabil-
ity of the echomorphologic characteristics of carotid
plaques that has been produced during the operator’s
attempt to acquire the best images for echo-analysis. After
normalization, the ultrasonic tissue characteristics of the
carotid plaques were determined by means of the GSM of
the normalized images (Fig 3).
The described echo-process was performed on presen-
tation by the same well-trained operator (T.J.T.) who also
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evaluated the degree of stenosis and was unaware of the
clinical profile of the patients. Again, this ensured the uni-
formity and the unbiased approach in the analysis.
Neuroradiological evaluation: brain computed tomog-
raphy scans
Unenhanced brain CT scans were performed on all
patients on presentation, and the ischemic or hemorrhagic
infarctions in the anterior and MCA area on the side of
investigation (more than 50% carotid stenosis) were noted
by an independent neuroradiologist based on known cri-
teria.25-28 Infarctions present on CT on the side with less
than 50% stenosis or in the posterior cerebral circulation
areas were of no interest. The Toshibia Xpress/HSI scan-
ner was used.
The following patterns of brain CT ischemic infarction
were sought, based on a proposed classification scheme29:
(1) pattern A: discrete subcortical (greater than 1 cm in size)
and cortical infarctions in the anterior and MCA territory (in
the absence of cardioembolism their detection is associated
only with carotid atheroma)30-32; (2) pattern B: hemody-
namic CT infarctions (their presence is associated with a pre-
dominant cerebral hemodynamic compromise caused by
noncompetent circle of Willis over the carotid embolism33-
42), widespread white matter lesions, and lacunes (< 1 cm in
size; their presence is not associated with carotid atheroma
but with cerebral microangiopathies31,32,43,44), basal ganglia
infarctions (> 1 cm in size; their presence is not associated
only with carotid atheroma, but also with MCA lesions45-49);
and (3) normal CT.
Emboli detected by means of transcranial Doppler 
Transcranial Doppler  settings and definition of
emboli. The ipsilateral (to the index plaque) MCA was mon-
itored in each patient for 30 minutes at a depth of 50 to 60
mm through the transtemporal window with a 2-MHz
transducer. The equipment used was a Translink 9900
(Rimed). The monitoring took place between the first and
the third month from the symptom in the symptomatic
patients and on recruitment in the asymptomatic patients.
The following settings of the device were preselected and
kept unaltered during the monitoring of all cases: dynamic
range, 30 dB; gain, relatively low; power, maximal (100%);
scale settings, –60 to 120 cm/s; sample volume, 15 mm;
PRF, 4 kHz; Fast Fourier Transform (FFT) size, 128 points;
FFT length, 7.86 ms; FFT overlap, 75%; high pass filter set-
tings, 200 Hz; low pass filter settings, 4 kHz. All these set-
tings were based on the recommendations of the Consensus
Group on Microembolus Detection.50 The storage of the
material was done in SVHS videotapes and analyzed off-line
for the emboli detection by an experienced operator.
A TCD embolus was defined as a short transient,
within the blood flow velocity spectrum, sounded to the
ear as “snap,” “chirp,” or “moan,” with a duration of less
than 300 ms, with an amplitude of more than 3 dB above
the background (blood flow signal) and with a unidirec-
tional appearance within the Doppler  velocity spectrum.51
Validation of emboli. Validation of emboli was per-
formed in a separate material including 96 carotid
endarterectomies because of the abundance of embolic
activity during this procedure. Every operation included
three recording phases: preoperative (30 minutes), intra-
operative, and postoperative (30 minutes). 
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Fig 1. Hypoechoic plaque with GSM of 0. Fig 2. Higher echodensity plaque with GSM of 15.
Fig 3. GSM of a carotid plaque in a normalized image (GSM = 30).
The intraobserver variability for the embolic counts
was excellent (11 phases were evaluated off-line twice by
one operator 1 month apart, Bland and Altman plot, mean
difference = 0, SD of differences = 0, 95% limits of agree-
ment [0,0], Fig 4).
The interobserver variability for the embolic counts
was satisfactory (89 phases were evaluated off-line by two
experienced operators in a blind fashion, Bland and
Altman plot, mean difference = –0.5, SD of differences =
2.44, 95% limits of agreement [–5.2, 4.3], Fig 5).
The agreement on particular acoustic signatures
(emboli and artifacts) was satisfactory (30 phases with 637
acoustic signatures were evaluated off-line by two experi-
enced observers simultaneously, κ value of agreement
0.87, SE = 0.021, 95% CI [0.83, 0.91], Table I). The
interoccasion variability for the embolic counts was also
satisfactory (10 symptomatic and asymptomatic cases were
monitored twice within 3 months, paired t test, P = .49).
Statistical analysis
The statistical package SPSS for Windows (release 9) was
used as a means of data analysis. The Kolmogorov-Smirnov test
was performed as a means of evaluating the normality of the
distributions (GSM, stenosis, embolic count [EC]). A Mann-
Whitney U and Pearson χ2 test were performed as a means of
discriminating the two clinical groups (symptomatic and
asymptomatic) for the EC. The Kruskal-Wallis test was used as
a means of discriminating the AF, TIA/stroke, and asympto-
matic plaque population for EC, GSM, and stenosis and the
pattern A, B, and normal CT for the EC. The Spearman cor-
relation was performed as a means of establishing a relationship
between GSM and emboli, stenosis and emboli, and GSM and
stenosis. The accepted level of statistical significance was 5%.
RESULTS
Table II summarizes the frequency of brain infarctions
in the ipsilateral (to the plaque) cerebral side. No hemor-
rhagic infarction was identified.
The one sample Kolmogorov-Smirnov test was per-
formed on the distribution of GSM, stenosis, and EC and
demonstrated nonnormality (P < .05 for all). This result
dictated the use of nonparametric tests in our analysis.
The prevalence of emboli (EC > 0) in our material was
36 (45%) of 80 cases. The median value of GSM was 22.5
(minimum, 0; maximum, 95); the median value of stenosis
was 70% (minimum, 50%; maximum, 99%); and the median
value of emboli was 0 (minimum, 0; maximum, 14).
The prevalence of emboli (EC > 0) in the population
of symptomatic plaques was 16 (61.5%) of 26, and the
prevalence of emboli in the population of asymptomatic
plaques was 20 (37%) of 54 (Pearson’s χ2 test, P = .039).
The prevalence of embolic counts (EC > 0) in AF and
TIA/stroke was five (55.5%) of 9 and 11 (64.7%) of 17,
respectively (Pearson χ2 test, P = .64). In addition, the
median EC in the population of symptomatic plaques was
3, and the median EC in the population of asymptomatic
plaques was 0 (Mann-Whitney U test, P = .031). By means
of further analysis, the median EC was shown to be 1 in
the population of AF plaques, 3 in the population of cere-
brovascular plaques (TIA/stroke), and 0 in the population
of asymptomatic plaques (Kruskal Wallis test, P = .09).
The AF group and TIA/stroke group were indistinguish-
able for the EC (Mann-Whitney U test, P = .75). 
The GSM and the degree of stenosis were unrelated
(Spearman correlation, P = .17, r = –0.15). The three clin-
ical groups (AF, TIA/stroke, asymptomatic) were distinct
both for GSM and stenosis (median values for GSM: AF,
4; TIA/stroke, 8; asymptomatic, 37.5; median values for
stenosis: AF, 90; TIA/stroke, 70; asymptomatic, 70,
Kruskal-Wallis test < .05 for both variables).
The prevalence of emboli (EC > 0) was 12 (75%) of 16
in the plaques corresponding to pattern A brain infarctions,
6 (37.5%) of 16 in the pattern B brain infarctions, and 18
(37.5%) of 48 in normal CT (Pearson χ2, P = .026). The
median EC was 3.5 in the pattern A plaques, 0 in pattern B
plaques, and 0 in normal CT (Kruskal-Wallis test, P = .047).
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Fig 4. Bland-Altman plot for the intraobserver variability (mean
difference, 0; SD of differences, 0; 95% limits of agreement [0, 0]).
Fig 5. Bland-Altman plot for the interobserver variability (mean
difference, –0.5; SD of differences, 2.44; 95% limits of agreement
[–5.2, 4.3]).
The GSM and EC were inversely related (Spearman cor-
relation, P = .045, r = –0.22), whereas the stenosis and EC
were unrelated (Spearman correlation, P = .44, r = 0.086).
DISCUSSION
The evaluation of the embolic mechanism of stroke
was rather nebulous and speculative. The TCD provided
an avenue for a more scientific approach in this sphere,
and it is hoped that it will find a place in the management
of patients with neurovascular insults.
The prevalence of embolic counts (EC > 0) varies
tremendously in the literature (for the symptomatic
carotid plaques, 19.4% to 100% and for the asymptomatic,
0% to 30.9%). The significant differences can be attributed
to the variability of the monitoring time (30 minutes to 5
hours), the degree of carotid stenosis (30% to 100%), the
time proximity to the neurovascular event (48 hours to
2.95 years), the different devices used with various set-
tings, and the different ultrasonic criteria for the definition
of embolus.7-11,52-62 More specifically, the prevalence or
the number of embolic events detected by means of TCD
in symptomatic plaques is inversely related to the time
from the event.7-12 In the current study, the prevalence of
emboli (EC > 0) in the population of symptomatic plaques
was 61.5%, and the prevalence of emboli in the population
of asymptomatic plaques was 37% for plaques with steno-
sis in the range of 50% to 99%, with a monitoring time of
30 minutes and with a time proximity to the cerebrovas-
cular event of 1 to 3 months in the symptomatic cases.
The current study has demonstrated that higher degrees
of embologenicity (EC) were associated with an established
neurovascular insult, as compared with the asymptomatic
status. The prevalence of embolic counts (EC > 0) was
slightly higher in the TIA/stroke group than in the AF
group, without reaching statistical significance (64.7% and
55.5%, respectively). It has also been shown that the cere-
brovascular symptomatology (TIA/stroke) was associated
with a higher EC than a retinal (AF) one, but this again has
not reached statistical significance, suggesting an equal con-
tribution of the embolic mechanism (the number of
emboli) in the development of these clinical manifestations.
These findings are in agreement with previous studies,
which demonstrated that symptomatic carotid plaques tend
to be TCD-embologenic7-9,12,53-56,63-65 and also that detec-
tion of TCD emboli is a predictor of an incident neurovascu-
lar symptom.8,53,66 Another study, the findings of which
support our results, demonstrated that emboli were more
prevalent in a TIA/stroke group (15.15%) than in an AF
group (0%).52 It has also been shown that emboli detected by
means of TCD were positively associated with carotid plaque
ulceration.8,54,67-69 Considering all the earlier cited studies,
the embolic pathophysiology of stroke takes a scientific shape.
Our study has demonstrated an increased prevalence
(EC > 0) and number of emboli in the pattern A CT
infarctions as compared with that in the pattern B and
normal CT. This finding was verified in two studies58,70
and negated in one.57 It might be tempting to implicate
the embolic mechanism in the pathogenesis of the pattern
A CT infarction and possibly other mechanisms (microan-
giopathies, cerebral hemodynamic compromise, MCA
lesions) in the other CT patterns.
It has been shown that hypoechoic or heteroge-
neous plaques were symptom-prone,71-82 probably
because they were more ulcer harboring.51,83-85 Other
studies demonstrated that ulceration was positively asso-
ciated with the development of neurovascular symptoms
through embolism.83,86-88
Considering all these findings, it would be tempting
to implicate the embolic mechanism in the pathogenesis
of neurovascular symptoms that were associated with
hypoechoic or heterogeneous plaques. Indeed, our
study has demonstrated that hypoechoic plaques were
more embologenic than hyperechoic ones. Other inves-
tigators have demonstrated an increased prevalence of
emboli detected by means of TCD (EC > 0) ipsilateral
to heterogeneous carotid plaques verified by means of
ultrasound scanning, but the small figures did not per-
mit them to draw definite conclusions.52
Stenosis has been considered to be another variable
describing the carotid plaque instability. The higher the
degree of carotid stenosis, the higher the incidence of stroke,
both in symptomatic and asymptomatic cohorts.13,79-81,89,90
It would be tempting to ascribe the strokes associated
with significant carotid stenosis to the cerebral hemody-
namic compromise. This position was verified in our study,
which showed an absence of association between the
degree of stenosis and the EC. This finding suggested that
it is the plaque composition, and not the stenosis, that is
responsible for the embologenesis.
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Table I. Agreement on particular acoustic signatures
(emboli and artifacts, n = 637 signatures)
First observer First observer
—emboli —artifacts Sum
Second observer—emboli 409 31 440
Second observer—artifacts 5 192 197
Sum 414 223 637
κ, Value of agreement, 0.87; SE, 0.021; 95% CI (0.83, 0.91).
Table II. Distribution of CT ischemic findings in the
ipsilateral to the index plaque cerebral hemisphere
CT finding No. %
Hemodynamic 0 0
Discrete subcortical 14 17.5
Cortical 2 2.5
Diffuse white matter lesions 13 16.3
Basal ganglia infarctions 3 3.8
Lacunes 0 0
Normal 48 60
Total 80 100
Previous research has established the relationship
between embolic prevalence (EC > 0) and carotid steno-
sis,7,8,10,55-58,63,69,91 with the exception of one study.9
Most of these studies, however, examined carotid steno-
sis in the range of 0% to 100%, whereas our study was
confined to stenosis of 50% to 99%.
In conclusion, our results have shown that emboli
originating from a carotid atheroma were more frequent
in symptomatic than asymptomatic hemispheres and in
CT pattern A harboring hemispheres than in CT pattern
B and normal CT ones. In addition, emboli were found to
be associated with low plaque echodensity but not with
stenosis. This supported the embolic pathogenesis of cere-
brovascular symptoms and CT pattern A infarctions and
also substantiated the view that it is the plaque composi-
tion and not the stenosis that is responsible for the
embologenesis.
Future prospective natural history studies of asympto-
matic carotid plaques with stroke as an end point and
including plaque echomorphology, evaluation of the
stenosis, TCD EC, brain CT scanning, and imaging of the
circle of Willis at baseline are needed to fully clarify the
embolic and hemodynamic aspect of stroke attributable to
carotid atheroma. It is hoped that studies of this nature
might refine the criteria of carotid endarterectomy and
offer benefits to vascular specialists and patients.
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